Abstract-This paper emphasizes factors associated with the subsystems that are required to extract heat from solar collectors, store this heat, and deliver it to the loads upon demand. While minimum use of auxiliary energy is the general objective, it must be sought with due regard to safety, convenience and cost. Subsystem alterations that improve energy efficiency typically come at added cost in terms of installation and maintenance. In some cases, the advantages of a specified component or arrangement of components are immediately evident. In other cases, such options are less decisive and will require longer periods of comparative operation to arrive at accurate assessments. The Colorado State University Solar House I allows for such comparative operation in several experimental modes. These selected modes of operation provide for different methods of solar heat transfer and employ different arrangements of system components and control functio ns. The principles underlying these modes as well as results of these studies are presented. In addition , the methods of operation found necessary for efficient and reliable performance are discussed. While this evaluation is an ongoing process, the initial "start up" and "break in" periods have been experienced and serve as a basis for several recommendations concerning subsystem components and component arrangements.
INTRODUCTION
The Solar Energy Applications Laboratory at Colorado State University has designed, constructed, and is presently operating a solar energy system for the heating, cooling, and service hot water heating of a residential style building (Colorado State University/National Science Foundation Solar House I). It is the first such project to integrate solar powered air conditioning with space heating and service hot water heating for a building.
Due to the research requirements of this project, a high degree of versatility has been designed into the mechanical subsystems. By such design, various modes of operation can be appraised and the ones which provide maximum advantage can be selected. The primary objective of mode selection was to determine how solar heat can best be utilized. While minimum use of auxiliary fuel is the general objective, it must be sought with due regard for safety, convenience and cost.
Of major importance as a research installation is the extent to which the systems that carry out the thermal processes are instrumented and monitored. Continuous digital measurements including conditions within the building, climatic conditions, and all parameters affecting performance of the system such as temperatures and flow rates are provided at CSU Solar House I. The data acquisition system is designed to accomodate each operating mode with a complete set of measurements, so that differences in performance between the different modes can be determined. The automatic control system was also designed to assume control of operation in each mode selected.
tpresented at the l.S.E.S. International Solar Energy Congress and Exposition held in Los Angeles, California (July 1975) . Research was supported in part by the United States Energy Research and Development Administration and the National Science Foundation.
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Of primary concern in the choice of operational modes is the fact that solar energy availability is not necessarily in phase with heating and cooling demands, nor with the system's ability to effectively utilize the incident energy. A properly designed solar heating and cooling system should , however, automatically compensate for the variations between solar input and load demand. In effect, the performance of a solar heating, cooling and service hot water system must be considered in the total sense. This includes all the factors that are responsible for extraction of heat energy from the solar collectors, storage of this heat, and delivery of the heat to the loads as required. The guidelines for these objectives are to minimize the use of auxiliary fuel while maintaining the space comfort and service hot water equivalent to that of conventional fuel energy systems. Decisions are also required in the design of subsystem component arrangements and component types while progressing toward these objectives. Most improvements in thermal performance come at some increased capital investment and operation expense for electrical power and maintenance.
While a nearly infinite number of options may be considered for an integrated heating and cooling system, this situation is reduced to a few of the most promising operations by computer simulations and also by thermodynamic and heat transfer principles already established in domestic and industrial installations.
SUBSYSTEM PRELIMINARY CONSIDERATIONS
Solar heat storage. Solar heat storage is accomplished by sensible heat storage in a non-pressurized tank of water. While a pressurized storage tank would elevate the boiling point of the water and thus provide greater thermal capacity, this practice would be in violation of safety codes for an occupied building, and increase the cost substantially. Furthermore, it may be desirable to dump excess solar heat from the storage tank by vaporization of the storage tank water. In the CSU design, heat rejection, which is prevalent in the spring and fall of the year when neither the heating nor cooling loads are high, is accomplished by venting of the vaporized storage tank water. The storage tank liquid level is maintained by a float control valve connected to the water main.
A vented storage tank can create pumping difficulties that are most prevalent in the cooling mode when water must be pumped to the generator at 77-95° (170-203°F) . Operating in this range (near the local boiling point of 203°F), only slight deviations in pressure can produce vapor lock in the pumps. Such conditions can interfere with effective pumping unless suitable hydrostatic head is provided. This problem is most noticeable in the auxiliary boiler, where the head loss across the boiler and near boiling temperatures can produce a vapor lock at the pump intake. Pumping from solar storage is less critical because the head on the suction side of the pump is over l.5 m (5 ft). But for designs using storage below ground, this factor becomes a serious consideration, and the pumps must be set well below the liquid level.
Very little thermal stratification is possible in the storage tank. Low rates of storage tank water through the collector heat exchanger or directly through the collector loop are too high for maintenance of temperature stratified water layers in storage. In addition, the resulting benefits of stratification from installation of bafHes or other devices to retard mixing in the tank were determined to be insufficient to justify the cost.
Auxiliary heating I cooling. The manner in which auxiliary heat is supplied affects overall system performance and cost. Auxiliary heat may be used to boost the temperature of the hot water coming from solar heat storage as in Fig. 1 , if the temperature of the solar derived heat does not meet the heating or cooling requirements. Or the auxiliary may be used to meet the full load whenever the storage temperature is too low to be useful (Fig. 2) . A fault in the first method can be shown by AUXILIARY HEAT exammmg the system when used for cooling. If the storage temperature is 77°C (170°F), the auxiliary could be used to raise the temperature of the water to 87°C (190°F), a 10°C (18°F) rise. But the water temperature drop through the generator is only 6°C (10°F) or less. Hence, storage water at 77°C (I 70°F) would be heated to 87°C (190°F) and returned to storage at 83°C (180°F), thereby using some of the storage heat capacity to store fuel energy. Collector efficiency and useful solar storage would both be reduced by this procedure. The same situation would be encountered in the heating mode, and therefore auxiliary heat should be taken directly to loads and not used to boost storage tank temperatures.
Solar preheating for service hot water. Service hot water may be heated from solar storage water by a once through heat exchanger as illustrated in Fig. 3 . Because service hot water demand is intermittent, such a process requires a high capacity heat exchanger, which would be idle most of the time. A preheat tank such as illustrated in Fig. 4 is preferred for several reasons. With continuous flow through the heat exchanger, more solar heated service hot water can be utilized to meet the intermittent demand. This permits nearly the total supply of service hot water from solar energy when the storage tank temperature is above the service hot water required temperature. The maximum preheating or tempering of the service hot water is likewise accomplished by solar, utilizing the storage tank at lower temperatures than that required for space heating.
In both cases water from the solar preheat tank is delivered to a fuel fired hot water heater, where it is heated further if it does not reach the required temperature in the preheat tank. A possible modification ill illustrated in Fig. 5 . Here the solar hot water preheat tank is installed within the solar heat storage tank. This eliminates heat losses from the solar hot water preheat tank, as well as the heat exchangers and pumps that are necessary for the methods shown in Figs. 3 and 4.
The disadvantage of this modification is that the solar heat storage tank will, under some conditions, approach the boiling point, and result in the delivery of service hot water at scalding temperatures. It is imperative that this STOR~-,1 high temperature be lowered by some means such as an automatic mixing valve (as illustrated in Fig. 5 ). This method may also require that the storage tank water be potable to prevent possible leakage contamination of the domestic hot water.
OPERATIONAL MODES
Four of the most probable modes for cost effective subsystems operation were provided as options in the CSU system. The piping within the subsystem permits easy switching between these modes. The modes affect the ways in which solar heat energy is collected and delivered to the loads. The results of these comparisons facilitate systematic design decisions to retain or reject optional components or designs on the basis of cost effectiveness.
Solar collection through heat exchanger (Mode I) .
Mode I is characterized by the use of a heat exchanger that separates the collector liquid from the storage tank liquid. Figure 6 illustrates with bold lines the liquid circuits used in Mode I. The two main advantages of Mode I are the avoidance of antifreeze in the storage system and the use of a non-pressurized (vented to the atmosphere) storage tank. The collector heat exchanger RETURN AIRpermits use of only 40 I. (10 gal.) of antifreeze in the collector loop. The storage tank then needs only water and corrosion inhibitors. The need for antifreeze could be eliminated if the collector liquid automatically drained during periods when freezing could endanger the collector. Although this capability was designed into the CSU Solar House I collector panels, the uncertainty of corrosion has thus far prevented an attempt to operating in this fashion.
The use of Mode I allows for the possibility of a pressurized collector circuit and a non-pressurized storage tank. With the heat exchanger acting as a pressure barrier, the collector loop can be completely liquid-filled. The alternative of a storage tank capable of withstanding a 6-9 m (20-30 ft) hydrostatic head and large enough to accommodate 4200 I. (1100 gal) plus the thermal expansion air volume, would cost 3-4 times as much as the non-pressurized tank.
In addition the collector loop has no gravity head loss for the pump to overcome (only frictional losses). To "spill" the fluid from the top of the collectors to an open storage tank (a height of 7.6 m (25 ft) for CSU Solar House I), would require doubling the collector pumping power. The question of pumping power is not a minor consideration, as Table 1 indicates. The collector loop pumps, for example, account for an amount of electricity which represents 4 per cent of the total useful solar energy delivered to load. Doubling the collector pumping power would raise the total system electrical requirements from 9.5 per cent to almost 14 per cent of the total useful solar energy. Any savings in pumping power, therefore, are quite significant.
Corrosion protection of the aluminum collector absorber plates is also a major consideration in the choice of Mode I. The need for continuous filtration of the collector liquid is necessary in any multirnetal system. In this respect Mode I requires only the 100 I. (20 gal.) filling the collector loop to receive such treatment, rather than the additional 4200 I. (1100 gal.) of water in storage.
Finally, Mode I permits a wide variety of collector HEAT EXCHANGER Fig. 6 . Mode I-Solar collection using heat exchanger. Figure 7 illustrates the liquid circuit for the collection of solar heat in Mode 2.
Two advantages are realized with Mode 2. There is the saving of capital equipment and maintenance costs for the collector heat exchanger and the storage pump. The temperature drop across the collector heat exchanger (ranging from 0 to 6°C) is eliminated, with a net result of an improvement in system efficiency. The University of Wisconsin computer simulation has been run both with and without the collector heat exchanger (Modes l and 2), with the results indicating about a 7 per cent increase in the total heat load supplied by solar heat over a period of one year when using Mode 2 rather than Mode I. Each °C temperature drop across the heat exchanger decreases the useful gain of the collector by [1] [2] generator of the air conditioner. Figure 8 is a diagram of this mode. The advantages of Mode 3 are higher water temperatures available to the generator of the air conditioner and the avoidance of some heat loss into the house from the storage tank. Heat loss from the storage tank in the summer is significant because it has a dual effect on cooling operation. Not only is less heat available to the generator but heat loss into the house must be removed by the air conditioner to maintain the desired house temperature. Even with a well insulated storage tank, some heat loss is inevitable. Measurements on CSU Solar House I indicate approximately 5.8 kWh (20,000 Btu) loss from the storage tank every 24 hr. At the rated 3-ton (10.5 kW; 36,000 Btu/hr) cooling output of the air conditioner, this is equivalent to about one-half hour of air conditioner operation. It was found desirable (in order to reduce the cooling load) to construct an insulated wall around all of the mechanical equipment (including the solar heat storage tank) thay would reduce the heat loss to the building, when air conditioning directly from the collectors. In addition, the avoidance of storage tank mixing means that Mode 3 can provide higher temperatures to the air conditioner generator and thereby increase the cooling output (refer to Fig. 9) .
Two disadvantages of Mode 3 are poor cooling control due to solar input variations that are directly transmitted to the air conditioner, and the lack of stored energy for HEAT EXCHANGER Fig. 7 . Mode 2-Solar collection without heat exchanger. cooling in the evening. The latter is not considered a problem at the Solar House I location because the need for cooling after sunset diminishes rapidly. It is also acceptable in buildings which are not occupied in the evening or night-time hours.
A potentially more significant difficulty in the Mode 3 variation is transient effects of the solar collector and cooling unit during initial start up. These effects can be minimized with the use of a cool storage and other modifications, but may nevertheless continue to be significant. One noteworthy advantage exists with the use of the Lithium Bromide absorption cooler to produce chilled water which can then be stored for cooling purposes. While the heat storage unit suffers considerable heat loss, the cool storage has a low rate of heat gain because of the small temperature difference between the chilled water tank and its surroundings. Furthermore, this chilled water storage heat gain could assist in cooling if it were placed within the air conditioned space. Disadvantages of the cool storage include the extra volume required for chilled water storage. This latter factor is due to the narrow operating range in chilled water temperature and may require a latent heat cool storage, using parafin waxes or other suitable material.
Alternate mode. In the heating season, there will often be a condition in which the storage tank temperature is considerably above house temperature, but is not high enough to carry the entire heating load (maintain the desired house temperature setting). It is particularly desirable to use this heat at moderately low temperature because it is acquired at high collector efficiency. The liquid-to-air heating design allows for separate solar storage and auxiliary boiler loops to supply heat in the air duct. This arrangement is illustrated in Fig. 10 . The solar air heating coil is placed ahead of the auxiliary air heating · coil in the direction of air flow. The solar coil thus preheats the air while the auxiliary coil boosts the air temperature to that required to maintain the heating load. The net result is the use of more solar and less auxiliary heating. The disadvantage of the alternate mode lies with the cost of the additional air heating coil and the alternate pump.
COMPARATIVE PERFORMANCE
The primary operational mode for CSU Solar House I has been Mode I. The details of the performance in this operational mode have already been reported (1) . The comparative operation of the alternate mode and Mode 2 and Mode 3 can then be related to the operational performance of Mode I.
The alternate mode was utilized during the second half of the [1974] [1975] provided for 69 per cent of the heating load. This can be compared to February when the alternate mode was operational by taking into account a slightly higher solar insolation rate in February. When this is done the percentage load by solar in the alternate mode accounts for 75 per cent of the heating load.
In comparing the performance of the January Mode I operation with the February alternate mode operation, it must be stated that these quantitative comparisons are estimates. While the total heating loads were within 5 per cent for the 2 months, the time distributions of those loads were not directly comparable. The solar insolation values were within 10 per cent, with the month of February having the greater solar radiation and higher heating load. Adjustments for the increased solar radiation input and higher heating loads were incorporated in the calculations, but again the results must be considered as estimates.
It should be noted that the alternate mode can be expected to be most useful in the coldest months, when the storage tank temperature operates in the range of 27-38°C (8~100°F}. During most of the heating season, however, this was not the case; the storage tank temperature did not drop below 38°C (100°F} until the end of December. Thus to more properly evaluate the effectiveness of the mode we must consider the full heating season.
A rough estimate of the effect of instituting the alternate mode would be to increase the percentage heating load carried by solar from 83 to 89 per cent. This corresponds to an effective savings of approximately 1120 kWh per yr (3600 ft3 of gas). At $0.02/kWh ($0.006/ft3 of gas), fuel savings of approximately $22.00/yr can be compared to the additional capital investment for installation of the alternate mode capability (approximately $250-price includes equipment and installation).
Mode 2 performance is more difficult to evaluate due to the significant possibility of corrosion. Consequently the actual testing has been postponed until the end of the cooling season (1975) . To date no corrosion problems have been experienced in any part of the system (including the aluminum solar absorber plates) because of the corrosion control measures taken.
Preliminary analysis of Mode 3 operation indicates an approximate 11 per cent loss in percentage cooling load carried by solar when compared to Mode 1. A portion of this decrease in system efficiency is due to the waste heat generated when the collector is operating at a substantially higher input rate to the cooling unit than can be utilized. For example, the collector during a portion of the day provided a heat input of 60-64 MJ/hr, substantially higher than the required 56.5 MJ/hr rate. Under comparable conditions this caused an average decrease in the cooling Coefficient of Performance from 0.63 to 0.56.
In addition the initial warm up of the collector and start up characteristics of the cooling unit require the running of the auxiliary boiler for initial operation. In effect the auxiliary heat supply is required whenever the cooling unit comes on. And without substantial thermal storage, the collector would readily boil whenever a low cooling demand was coincident with a high solar insolation.
These factors imply the necessity of a thermal storage between the solar collector and the absorption cooling machine. While a more sophisticated control system, which would properly modulate heat directly to the air conditioning unit, could eliminate the waste heat, this would introduce higher system complexity and cost. mfnimo de energfa auxiliar, este debe ser buscado contemplando directamente la seguridad, la conveniencia y el cos to. Las alteraciones con subsistemas que mejoran el rendirniento normalmente llevana un costo adictional de instalaci6n y mantenirniento. En algunos casos las ventajas de un componente especffico o una disposici6n de componentes es evidente inmediatamente; en otros, cada opci6n es menos decisiva y requerira largos perfodos de operaci6n comparativa para arribar a evaluaciones precisas. La Casa Solar I de la Universidad Estadal de Colorado permite cada operaci6n comparativa en varios modos experimentales. Estos modos seleccionados de operaci6n proveen diferentes ordenamientos de sistemas de componentes y de control de functiones . Son presentados los principios fundamentales de estos modos asf como los resultados de estos estudios. Ademas son discutidos los metodos de operaci6n encontrados necessarios para un comportarniento eficiente y confiable. Mientras que esta evaluaci6n es un proceso progressivo, los perfodos de "partida" y "asentamiento" han sido una expereincia y sirve co mo base para ciertas recomendaciones concernientes a sistemas de componentes y disposici6n de los mismos.
Resume-Ce! article met en evidence les facteurs associes aux sous-systemes, et quinecessites par les capteurs solaires pour en extraire la chaleur, stocker cette chaleur et la distribuer en fonction des besoins. Le but general etant d'utiliser le minimum d'energie complementaire, ii doit etre poursuivi en tenant compte de la securite, de la commodite et du prix. Les modifications apportees au sous-systeme pour en ameliorer le rendement energetique, interviennent en termes de cot additionnel dans !'installation et la maintenance. 
